1. Introduction
===============

In addition to being the most frequently diagnosed cancer, prostate cancer (PCa) is the second leading cause of death among men.^\[[@R1]\]^ Androgen deprivation therapy is a common treatment in men with PCa.^\[[@R2]\]^ However, it has underlying problems, such as decreased libido, osteopenia with increased fracture risk, and metabolic alterations.^\[[@R3]\]^ Recently, docetaxel-based chemotherapy was defined as an effective treatment for patients with castration-refractory PCa (CRPC).^\[[@R4]\]^ Nevertheless, the standard chemotherapy against CRPC has some limited efficacy and serious adverse effects because of the unique biological characteristics of PCa. Therefore, new therapeutic strategies are needed.

Plumbagin is the main active ingredient in the traditional Chinese medicine Plumbago. Previous studies have demonstrated that plumbagin played significant roles in inhibiting the growth, metastasis, and invasion of PCa by mediating cellular apoptosis, generation of reactive oxygen species, and a decrease in intracellular glutathione levels.^\[[@R5]--[@R7]\]^ However, bioavailability of orally administered plumbagin was only 39% due to insolubility in water, which limited biopharmaceutical properties.

Encapsulation of cytotoxic chemotherapeutic agents using biodegradable polymers can improve the efficacy of the treatment and reduce adverse effects of drugs.^\[[@R8]\]^ Poly [d]{.smallcaps},[l]{.smallcaps}-lactic-co-glycolic acid-polyethylene glycol nanoparticles (PLGA-PEG NPs) have been used to control the release of drugs, which can enhance the effectiveness and safety of drugs.^\[[@R9]--[@R12]\]^ The prostate-specific membrane antigen (PSMA) is a specific antigen overexpressed on the surface of PCa cell membrane and involves in membrane recycling.^\[[@R13]\]^ Docetaxel-loaded PSMA aptamer-targeted NPs in prostate epithelial cells obviously increased cellular toxicity in vivo compared with nontargeted NPs.^\[[@R14]\]^ However, the efficacy of plumbagin-loaded PSMA aptamer-targeted NPs in PCa therapy is unknown.

In the study, PLGA--PEG with a terminal carboxylic acid group (PLGA-PEG-COOH) was used as the carrier, and plumbagin-loaded PLGA-PEG-COOH NPs were synthesized using the nanoprecipitation method. The formulation and process were optimized based on drug loading and the ratio of water:acetone. Then, the characteristics of NPs, including size, zeta potential, encapsulation efficiency (EE), drug loading, and release, were investigated. Finally, PLGA-PEG-COOH NPs were conjugated to the PSMA aptamer and the efficacy of these NPs in LNCaP cells was assessed. This targeted delivery system could be the foundation for traditional Chinese medicine-based therapies against PCa.

2. Materials and methods
========================

2.1. Preparation of PLGA-PEG-COOH
---------------------------------

PLGA-PEG-COOH (carboxylate-functionalized copolymer) was prepared through the COOH-PEG-NH~2~ conjugated to PLGA-COOH according to a previous study.^\[[@R15]\]^ In brief, 5 g of PLGA-COOH, which was dissolved in 10 mL of methylene chloride, was first transformed to PLGA-NHS. Then, PLGA-NHS was precipitated with 5 mL of ethyl ether, and the residual NHS was removed using an ice--cold mixture of ethyl ether and methanol. After air-drying, PLGA-NHS was dissolved in 4 mL of chloroform, and 250 mg of NH~2~-PEG-COOH and 28 mg of *N*,*N*-diisopropylethylamine were added. After precipitation with cold methanol for 12 hours, the residual PEG in co-polymer was removed using the same solvent. The PLGA-PEG block co-polymer was dried under air and stored at 4°C for NPs preparation.

2.2. Preparation of plumbagin-loaded PLGA-PEG-COOH NPs
------------------------------------------------------

The targeted nanoparticles were synthesized by the nanoprecipitation method.^\[[@R16]\]^ In brief, a designated mass ratio of the PLGA-PEG-COOH and plumbagin was dissolved in acetone and subsequently added drop-wise into ultrapure water, while acetone was volatilized overnight. The suspension was centrifuged at the speed of 1500 rpm for 5 minutes twice to remove large particles. Subsequently, the NPs were obtained through centrifuging the supernatant at 12000 rpm for 30 minutes at 4°C to remove excess plumbagin. The NPs were resuspended with adequate volume of water and freeze-dried for further use. For blank NPs, only the polymers were dispersed in acetone.

2.3. Determination of particle size and drug content
----------------------------------------------------

The NP suspension was diluted using pure water until the counter rate was under 1.5 Mpcs. Then, the size and distribution of NPs were detected using laser light scattering (LLS, Brookhaven Instruments Corporation 90-PLUS analyzer, NY). For drug content determination, freeze-dried drug-loaded NPs (3 mg) were dispersed in 1 mL of DCM and extracted with 3 mL of acetonitrile and water mixture (v:v, 50:50). The solution was transferred into the high-performance liquid chromatography (HPLC) vial after filtered through a 0.45-μm syringe filter. A UV detector (Hitachi, Japan) was used to detect the samples in the HPLC system. In addition, a reverse-phase pentafluorophenyl column (VIVA C18, 150 × 4.6 mm, 5 μm) was used. The mobile phase was comprised of water and acetonitrile (50:50, v:v) and kept at a constant flow rate of 1 mL/min. The peak of plumbagin was detected at a wavelength of 245 nm and retention time was obtained at 7 minutes. Its concentration was determined according to the standard curve. The calibration curve was linear between 0.5 μg/mL and 200 μg/mL. The plumbagin-NPs were characterized by SEM and TEM.

2.4. In vitro drug release
--------------------------

The plumbagin-NPs (15 mg) were weighed and dispersed into 5 mL of PBS in a dialysis bag. Subsequently, the bag was placed in 50 mL of PBS in a capped bottle, which was shaken in a thermostatic shaker at 37°C and 120 rpm. At allocated time intervals, PBS outside the dialysis bag was piped out into a tube for HPLC analysis and fresh 50 mL of PBS was added to the capped bottle.

2.5. Conjugation of anti-PSMA antibody to PLGA-PEG-COOH NPs (NP-Ab) and its characterization
--------------------------------------------------------------------------------------------

NPs (1 mg) were activated in pure water with EDC and NHS (1:4:4) for 20 minutes at room temperature and redundant EDC and NHS were removed by ultracentrifugation. The NHS-activated NPs (1 mg/mL) were reacted with anti-PSMA (12 μg/mL, Abnova Corporation, Taiwan, China) and gently shaken for 120 minutes at room temperature. The resulting NP-Ab was washed using pure water and dissolve in PBS at 4°C until use. The efficacy of NP-Ab was verified by x-ray photoelectron spectroscopy (XPS, Shimadzu Corporation, Kyoto, Japan). The elements on the surface of NP-Ab were assayed based on their specific binding energy from 0 to 1200 eV using pass energy of 80 eV. The nitrogen element was measured by fine mode of 0.5 eV as step.

2.6. Cell culture
-----------------

LNCaP cells were incubated in RMPI 1640 medium with 10% FBS at 37°C in a 5% CO~2~ humidified environment. The medium was changed every 2 days and the cells were sub-cultured after reaching confluence.

2.7. Cellular uptake in vitro
-----------------------------

The uptake of NPs by LNCaP cells was verified using the fluorescence experiment. To investigate whether NPs-Ab was located in the LNCaP cells, a green fluorescent probe, coumarin-6, was encapsulated within the NPs by the nanoprecipitation process. PLGA-PEG-COOH (20 mg) was dispersed in acetone (2 mL) containing coumarin-6 (0.01 mg). The solution was stirred using magnetic stirring apparatus for 12 hours and visualized after incubation with LNCaP cells by confocal microscopy. The uptake rate was measured based on the intensity of the fluorescence. LNCaP cells were incubated in black 6-well plates with the NPs encapsulating Rhodamine 123, with or without PSMA, for 0.5, 2, 4, and 6 hours, respectively. The fluorescence intensity was measured by flow cytometry (FCM) at the 487 nm wavelength.

2.8. Cytotoxicity
-----------------

Cells were cultured in 96-well plates (10^4^ cells/well, 100 μL) overnight. Then, the medium was replaced using samples with different doses for 24, 48, and 72 hours, respectively. Plumbagin was dissolved in dimethyl sulfoxide under the steriling station. Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The absorbance was assayed by a microplate reader at 570 nm, and the reference wavelength was 620 nm.

2.9. Statistical analysis
-------------------------

Data were presented as mean ± standard deviation (SD) from at least 3 measurements using the *t* test and calculated using SPSS 18.0 (SPSS Inc., Chicago, IL). *P* \< .05 was consider as statistical significance.

3. Results
==========

3.1. Characterization of PLGA-PEG-COOH
--------------------------------------

The PEG content and number-averaged molecular weights of PLGA-PEG-COOH were determined by 1 H nuclear magnetic resonance (NMR, 300 Hz, CDCl~3~) δ 5.3 ppm \[m, (OCH(CH~3~)C(O)OCH~2~C(O))~*n*~--(CH~2~CH~2~O)~m~\], 3.7 ppm \[s,(OCH(CH~3~)C(O)OCH~2~C(O))~*n*~--(CH~2~CH~2~O)~m~\], 1.6 ppm \[d, (OCH(CH~3~)C(O)OCH~2~C(O))~*n*~--(CH~2~CH~2~O)~m~\] (Fig. [1](#F1){ref-type="fig"}). The characteristic peaks d and e represented the methylene (--CH~2~) of PEG chain, and the characteristic peaks a, b, and c represented the methine (--CH), methyl (--CH~3~), and methylene (--CH~2~) proton of PLGA segment, respectively. From molecular weights of PEG and PLGA, and the ratio of peak area at 5.3 and 3.7 ppm, the average conjugation efficiency between PEG and PLGA was 65%.

![1H nuclear magnetic resonance spectrum of PEG-PLGA in CDCl~3~ at 300 Hz. CDCl~3~ = Deuterium chloride, PEG = polyethylene glycol, PLGA = poly [D]{.smallcaps},[L]{.smallcaps}-lactic-*co*-glycolic acid.](medi-96-e7405-g001){#F1}

3.2. Optimization of prescription
---------------------------------

On varying the theoretical drug loading (2%, 5%, 10%, 15%) and maintaining the water:solvent ratio (3:1), the particles became larger with the increase in theoretical drug loading (Fig. [2](#F2){ref-type="fig"}A). Then, we varied the ratio of water:solvent (1:1, 3:1, 5:1, 10:1) while the concentration of PLGA-PEG was kept at 10 mg/mL. The particle size did not change significantly when the ratio ≥ 3:1, but EE significantly decreased with an increase in the ratio (Fig. [2](#F2){ref-type="fig"}B). The optimal formulation had a theoretical drug loading of 5% and water:acetone ratio of 3:1.

![Optimization on the preparation of nanoparticles. (A) The size and EE of NPs based on different drug loading (2%, 5%, 10%, and 15%) with the same ratio of water:solvent ratio (3:1). (B) The size and EE of nanoparticles based on varying water:solvent ratios (1:1, 3:1, 5:1, and 10:1) and constant PLGA-PEG polymer concentration (10 mg/mL). EE = encapsulation efficiency, NPs = nanoparticles, PLGA-PEG = poly [D]{.smallcaps},[L]{.smallcaps}-lactic-*co*-glycolic acid-*b*-polyethylene glycol.](medi-96-e7405-g002){#F2}

3.3. Characterization
---------------------

The resulting NPs had a diameter of 189.4 ± 30.6 nm (n = 8), with a polydispersity index of 0.239 ± 0.095. The zeta potential of the NPs was −17.1 ± 3.7 mV. The morphological appearance of the particles was moderately uniform. The SEM (Fig. [3](#F3){ref-type="fig"}A) and TEM images (Fig. [3](#F3){ref-type="fig"}B) of the NPs revealed their regular spherical shape as well as the range of diameters. In addition, there was no significant difference in both size and zeta potential compared with those of NP-Ab (*P* \> .05).

![Images of plumbagin-loaded nanoparticles with 5% theoretical drug loading observed using (A) the scanning electron microscope and (B) the transmission electron microscope.](medi-96-e7405-g003){#F3}

3.4. In vitro drug release and characterization of NP-Ab
--------------------------------------------------------

The NPs were released in vitro in 2 phases (Fig. [4](#F4){ref-type="fig"}A). In the first 2 hours, the drug cumulative release rate (66.4 ± 8.56%) was rapid. After 2 hours, the drug release increased steadily, the cumulative release rate remained a relatively constant release at 24 hours (87.0 ± 3.08%). From the first day to the sixth day, sustained release of a small amount of plumbagin was observed, and the cumulative release reached 90.0 ± 1.63%.

![The release profile of plumbagin-loaded PLGA-PEG-COOH nanoparticles in vitro (A) and conjugation of anti-PSMA antibody to NPs (B). The blue line indicates the x-ray photoelectron spectroscopy (XPS) spectrum of plumbagin-loaded NPs, and the black line indicates the XPS spectrum of plumbagin-loaded NPs after conjugation with antibody. The insert indicates the nitrogen signal at high resolution. NPs = nanoparticles, PLGA-PEG-COOH = PLGA-PEG with a terminal carboxylic acid group, PSMA = prostate-specific membrane antigen, XPS = x-ray photoelectron spectroscopy.](medi-96-e7405-g004){#F4}

The XPS N1 s region of the plumbagin-NPs before and after conjugation with PMSA antibody revealed that there were nitrogen atoms in plumbagin-NP-Ab and few nitrogen atoms in plumbagin-NPs (Fig. [4](#F4){ref-type="fig"}B). In addition, no N1 s signal was observed for the plumbagin-NP surface.

3.5. Lyoprotectant selection
----------------------------

On addition of 10% mannitol, 10% glucose, 10% sucrose, and 10% lactose to nanoparticle suspension and measuring the size and distribution of the prepared nanoparticles using LLS, we found that the addition of 10% sucrose to an aqueous nanoparticle suspension allows recovery of nanoparticles of similar sizes as originally formulated (253 ± 37 nm, Table [1](#T1){ref-type="table"}).

###### 

Effect of lyoprotectant prior to lyopholization on nanoparticles size.

![](medi-96-e7405-g005)

3.6. In vitro cellular uptake and uptake efficacy
-------------------------------------------------

The fluorescence experiment was performed to study the endocytosis of PLGA-PEG-COOH NPs by LNCaP cells. The result showed that the fluorescence intensity of targeted NPs was stronger than that of nontargeted NPs at the same time (Fig. [5](#F5){ref-type="fig"}A). In addition, the NPs encapsulating coumarin-6 and showing green fluorescence were accumulated in the cytoplasm, which was stained by the red dye propidium iodide, indicating that LNCaP cells had internalized the NPs. After 0.5, 2, 4, and 6 hours, we found that the uptake rate for targeted NPs (Fig. [5](#F5){ref-type="fig"}B) and nontargeted NPs (Fig. [5](#F5){ref-type="fig"}C) was time-dependent and the uptake efficacy was 90% at 0.5 hours.

![(A) Green fluorescent dye coumarin-6 co-encapsulated in PLGA-PEG-COOH nanoparticles (NPs). (B) The uptake efficacy of targeted NPs by LNCaP cells. (C) The uptake efficacy of non-targeted NPs by LNCaP cells. The nucleus was visualized in red by propidium iodide analysis. NP = nanoparticles, PI = propidium iodide, FITC = fluorescein isothiocyanate, PLGA-PEG-COOH = PLGA-PEG with a terminal carboxylic acid group.](medi-96-e7405-g006){#F5}

3.7. In vitro cytotoxicity
--------------------------

The cytotoxicity of every type of NP, including NP-loaded drug, NP-unloaded drug, and free drug at different concentrations of 1.25 μM, 2.5 μM, 5 μM, 10 μM, and 20 μM. The IC~50~ of each group has been presented in Fig. [6](#F6){ref-type="fig"}. The cytotoxicity of targeted and nontargeted NPs without encapsulating drugs were negligible; the IC~50~ of targeted NP-unloaded drug and nontargeted NP-unloaded drug was 32.59 ± 8.03 μM and 39.02 ± 7.64 μM, respectively. The NP-loaded drug and free drug could induce cytotoxicity dose-dependently. However, the IC~50~ of free drug was 1.74 ± 0.22 μM, which was lower than that of targeted NPs and nontargeted NPs (4.78 ± 0.83 μM and 10.33 ± 2.48 μM, respectively). From IC~50~ value of each group, we determined that the cytotoxicity of targeted NP-loaded drug was twice that of nontargeted NP-loaded drug in LNCaP cells.

![Cytotoxicity of LNCaP cells treated with NPs, plumbagin, plumbagin-NP, NP-Ab, and plumbagin-NP-Ab at different concentrations (1.25 μM, 2.5 μM, 5 μM, 10 μM, and 20 μM) after 24 h, 48 h, and 72 h. Cells were treated with RMPI-1640 as control. All results are expressed as the mean percentage of control ± SD of quadruplicate determinations from 3 independent experiments. NPs-Ab = conjugation of PSMA antibody to the PLGA-PEG-COOH NPs, plumbagin-NP = plumbagin-loaded PLGA-PEG-COOH nanoparticles, plumbagin-NP-Ab = plumbagin-loaded NPs-Ab.](medi-96-e7405-g007){#F6}

4. Discussion
=============

We optimized drug-loaded nanoparticle formulation using 3 key indicators: particle size, EE, and drug loading. Cheng et al^\[[@R15]\]^ developed NPs using the PLGA-PEG-COOH polymer and studied the effects of altering formulation parameters, such as polymer concentration, miscibility of water and solvent, theoretical drug loading, and the ratio of water and solvent, on the size of NPs. In the current study, we referred to the results of their experiments and made some modifications according to the characteristics of our own trials. We chose acetone as the organic solvent and set polymer concentration at 10 mg/L. We found the optimal prescription to have a theoretical drug loading of 5% and water:acetone ratio of 3:1.

Particle magnitude plays an important role in the biodistribution of NPs. Studies on liposomes demonstrated that splenic sequestration of particles decreased linearly with decreasing particle size.^\[[@R17],[@R18]\]^ Smaller particles make intravenous injection easier and sterilization simpler by filtration.^\[[@R19],[@R20]\]^ Drug EE is another factor to be considered for plumbagin. The drugs encapsulated by NPs are soluble in water, even completely soluble in water.^\[[@R21]\]^ However, plumbagin is slightly soluble in water. Therefore, improving the EE becomes difficult. We made many attempts to reduce the drug solubility in the external water phase to increase the rate of encapsulation and found that less external water phase had better effects, which led to higher theoretical drug loading. In addition, we attempted to improve EE based on the physical and chemical properties of the drug. According to the molecular structure and pH test strip, the aqueous solution of plumbagin is acidic. Therefore, we tried to reduce its solubility in the water phase by varying the pH of the external phase (pH = 3, 4, 5, 6, 7) or adding salt to the external phase. In addition, we varied the theoretical drug loading (2%, 5%, 10%, 15%), and maintained the water:solvent ratio at 3:1. The particles became larger with the increase in theoretical drug loading. We also found that too small or too large theoretical drug loading leads to poor EE and that the optimum point was 5%.

Zeta potential plays an important role in the particle stability through the electrostatic repulsion between the particles. Zeta potential of PLGA NPs is approximately 50 mV.^\[[@R22]\]^ The main reason for the decrease in the absolute value of the zeta potential was that most of the surface of the NPs was covered by nonionic PEG.

The burst release of drug may be the reason for the drug being adsorbed at the surface of the polymer, which easily diffused at the initial incubation time.^\[[@R23]\]^ Compared with the release profile of gemcitabine from PLGA NPs in a previous study, in which 6.93 ± 1.00% of drug was released within the initial 0.5 hours and 36.9 ± 1.10% was released in 48 hours,^\[[@R24]\]^ we found that in the first 2 hours, the cumulative release rate of the drug was 66.4 ± 8.56%. This facilitated release may be ascribed to low water solubility of the drug. In brief, the plumbagin on the surface of the NPs rapidly dissolved into the water, resulting in a sudden release. When water passed through the pores of NPs, the outer plumbagin was dissolved and slow released. Finally, plumbagin in the core was gradually released by the degradation of NPs.

After examining the cytotoxicity of every type of NP at different concentrations, we found that the IC~50~ of targeted NP-unloaded drug and nontargeted NP-unloaded drug was 32.59 ± 8.03 μM and 39.02 ± 7.64 μM, respectively, which indicates low cytotoxicity and attributes to our polymer system.^\[[@R25]\]^ The NP-loaded drug and free drug were cytotoxic in a dose-dependent manner. Although the IC~50~ of free drug was 1.74 ± 0.22 μM,^\[[@R7]\]^ lower than that of targeted NPs and nontargeted NPs (4.78 ± 0.83 μM and 10.33 ± 2.48 μM, respectively), NP-loaded drug had long circular half-life and reduced the adverse effects of free drug by releasing the drug inside of cells. From IC~50~ values of each group, the cytotoxicity of targeted NP-loaded drug were found to be twice that of nontargeted NP-loaded drug in LNCaP cells, which suggested that targeted NP-loaded drug is beneficial.

In conclusion, the release curve of targeted NPs revealed that plumbagin could be released through 2 phases (sudden release and sustained release for a long period), thereby enhancing the anticancer activity of plumbagin. Therefore, plumbagin-loaded PSMA aptamer-targeted NPs can be used in targeted chemotherapy against PCa.

Abbreviations: CRPC = castration-refractory prostate cancer, EE = encapsulation efficiency, HPLC = high-performance liquid chromatography, LLS = laser light scattering, MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, NMR = nuclear magnetic resonance, NP-Ab = conjugation of PSMA antibody to the PLGA-PEG-COOH NPs, NPs = nanoparticles, PCa = prostate cancer, PEG = polyethylene glycol, PLGA = poly [d]{.smallcaps},[l]{.smallcaps}-lactic-*co*-glycolic acid, PLGA-PEG = poly [d]{.smallcaps},[l]{.smallcaps}-lactic-*co*-glycolic acid-b-polyethylene glycol, PLGA-PEG-COOH = PLGA--PEG with a terminal carboxylic acid group, plumbagin-NPs = plumbagin-loaded PLGA-PEG-COOH nanoparticles, PSMA = prostate-specific membrane antigen, SD = standard deviation, SEM = scanning electron microscopy, TEM = transmission electron microscope.
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